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In  this  study,  anode-  and  electrolyte-supported  Ni-YSZ/YSZ/Pt  solid  oxide  fuel  cells  (SOFC)  are  compared 
in  terms  of  performance  and  carbon  formation  when  operated  on  dry  methane.  Although  anode- 
supported  SOFCs  are  typically  used  in  industry,  electrolyte-supported  cells  may  be  required  for  certain 
laboratory  experiments.  Thermodynamic  calculations  were  performed  to  calculate  the  equilibrium  gas- 
phase  composition.  The  measured  open  circuit  voltages  (OCV)  in  dry  methane  were  1.15  V  and  0.92  V 
for  anode-  and  electrolyte-supported  cells,  respectively.  The  difference  in  these  OCV  values  reflects  the 
different  gas-phase  compositions  at  the  electrochemically  active  region  of  the  two  cell  designs.  The  con¬ 
duction  layer  in  the  anode-supported  SOFC  provides  the  catalytic  sites  to  produce  more  hydrogen,  which 
results  in  a  higher  OCV  and  a  larger  limiting  current  density.  Over  time,  carbon  is  also  produced  and 
results  in  a  higher  degradation  rate  on  the  anode-supported  cell.  Carbon  also  forms  on  the  electrolyte- 
supported  cell  but  has  less  of  a  negative  impact  on  the  operation  of  the  electrolyte-supported  cell. 
Temperature-programmed  oxidation  (TPO)  studies  indicate  that  the  carbon  formed  in  the  conduction 
layer  of  an  anode-supported  cell  is  much  more  stable  and  difficult  to  remove  than  carbon  formed  on  the 
functional  layer. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  fuel  flexible  and  have  an  oper¬ 
ating  temperature  in  the  range  of  773-1 273  K  that  favors  reforming 
reactions  and  fast  kinetics  [1].  Nickel  (Ni)  is  the  conventional  cat¬ 
alyst  material  for  the  anode  of  an  SOFC  and  is  an  excellent  steam 
reforming  catalyst.  Hence,  in  practice,  it  is  possible  to  reform  hydro¬ 
carbons  internally  in  the  anode  compartment  of  SOFC,  but  a  steam 
to  carbon  ratio  (S/C)  greater  than  two  is  generally  required  to  avoid 
carbon  deposition  [2].  The  disadvantages  of  internal  reforming  are 
lower  open  circuit  voltage  (OCV),  lower  electrical  efficiency,  and 
temperature  gradients  in  the  anode  structure  originating  from  the 
different  extents  of  reaction  as  a  function  of  location  -  endothermic 
steam  reforming  at  the  outer  region,  and  exothermic  electrochem¬ 
ical  oxidation  in  the  inner  region  [2,3]. 

Direct  utilization,  in  which  the  feed  contains  only  the  hydro¬ 
carbon  without  steam  or  other  oxidant,  increases  the  efficiency 
of  the  system,  and  reduces  thermal  gradients  due  to  a  reduc¬ 
tion  in  steam  reforming,  but  may  result  in  faster  degradation  of 
the  anode  due  to  carbon  deposition  [2,4-6].  With  methane  as 
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a  fuel,  carbon  may  deposit  on  the  metal  surface  and  then  dis¬ 
solve  into  the  bulk  of  the  metal  at  temperatures  above  873 1< 
[7].  With  feeds  other  than  methane,  carbonaceous  compounds 
can  also  be  formed  by  free-radical,  gas-phase-condensation  reac¬ 
tions  (pyrolytic  carbon)  further  blocking  pores  and  increasing  mass 
transfer  resistance  to  and  from  the  triple  phase  boundary  (TPB) 
[6].  The  morphology  and  reactivity  of  the  carbon  formed  at  the 
anode  of  a  SOFC  vary  [8]  and  depend  on  fuel  and  anode  mate¬ 
rial  selection,  steam  to  carbon  ratio,  operating  conditions,  etc. 
[7-9]. 

The  direct  utilization  of  the  following  fuels  has  been  investi¬ 
gated:  methane  [4,10-17],  propane  [11,12,15],  butane  [4,11,13,18], 
diesel  [5],  methanol  [19],  and  ethanol  [20]  in  both  anode-  and 
electrolyte-supported  cells.  Various  anode  compositions  have  been 
used  for  these  studies  including  noble  and  non-noble  metals,  fluo¬ 
rites,  and  perovskites.  Ceria-based  anodes,  with  a  fluorite  structure, 
have  a  high  resistance  to  carbon  deposition.  For  example,  McIn¬ 
tosh  et  al.  [18]  impregnated  a  porous  YSZ  matrix  with  10wt% 
Ce02  and  20wt%  Cu,  and  exposed  these  anodes  to  n- butane,  n- 
decane,  toluene  and  propane  for  various  periods  of  time.  Only  minor 
amounts  of  carbonaceous  deposits  formed  and  these  deposits  actu¬ 
ally  increased  the  electronic  conductivity  in  the  Cu/YSZ  anode 
resulting  in  higher  performance  rather  than  deactivation  of  the  cell. 
The  addition  of  Ni,  Co  and/or  noble  metals,  such  as  Pt,  Rh,  Pd  and 
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Ru,  to  ceria  are  beneficial  in  terms  of  the  reforming  reactions  of 
hydrocarbons  [17,21]. 

Other  potential  materials  for  the  direct  utilization  of  hydro¬ 
carbons  with  a  perovskite  structure  are  doped-LaCr03  and 
doped-SrTi03  [21  ].  Liu  et  al.  [12]  tested  a  composite  anode  made  of 
Lao.8Sr0.2Cro.8Mn0.203_5  (LSCM)  and  an  ionic  conductive  ceramic 
Ceo.9Gdo.1O1.95  (GDC)  with  4wt%  Ni.  The  cell  was  exposed  to 
propane  and  butane  and  little  or  no  coking  was  observed.  With¬ 
out  Ni,  the  cell  had  negligible  performance  and  a  low  open  circuit 
voltage  (OCV)  of  ~0.65V.  Thus,  Ni  enhanced  the  electrochemical 
performance  and  reforming  activity  of  the  anode. 

Ni  has  several  advantages,  including  low  cost,  ease  of  fabrication, 
high  electrochemical  activity,  high  reforming  activity,  and  high 
electronic  conductivity,  in  comparison  to  other  potential  anode 
materials  for  SOFC.  The  main  disadvantages  of  Ni  are  susceptibil¬ 
ity  to  carbon  deposition  and  mechanical  instability  under  redox 
cycling.  A  Ni/yttria-stabilized  zirconia  (YSZ)  anode-supported  cell 
has  been  operated  directly  on  methane  for  160h  at  973  K  with¬ 
out  coking  [10].  The  stable  performance  was  a  result  of  the 
lower  operating  temperature  and  high  operating  current  density 
(>800mAcm-2).  No  characterization  of  the  carbon  deposition  on 
the  anode  structure  at  the  end  of  the  160  h  test  was  reported. 

Previous  work  in  our  group  [7-9,22]  has  demonstrated  how 
carbon  deposition  on  a  Ni/YSZ  anode  is  affected  by  the  operating 
current  density,  duration  of  exposure,  feed  conditions,  temperature 
and  the  anode  thickness.  Specifically,  increasing  the  current  den¬ 
sity  and  using  an  anode  in  which  all  of  the  Ni  was  part  of  the  TPB 
(<25  [Jim  thick  functional  layer)  resulted  in  significantly  less  carbon 
deposition.  The  carbon  that  did  form  on  the  functional  layer  was 
easier  to  remove  than  that  formed  on  the  conduction  layer  sug¬ 
gesting  that  the  water  formed  in  situ  and/or  the  presence  of  O2- 
ions  influenced  the  carbon  deposition.  Because  of  these  factors,  it 
may  be  difficult  to  compare  different  cell  designs.  Although  a  large 
fraction  [23]  of  the  SOFC  made  by  companies  are  anode-supported, 
in  the  laboratory  there  are  reasons  for  preparing  both  anode-  and 
electrolyte-supported  cells.  For  example,  three-electrode  work,  in 
which  the  processes  at  each  electrode  can  be  analyzed  indepen¬ 
dently,  is  easier  on  electrolyte-supported  cells. 

Thus,  in  this  study,  the  role  of  the  cell  design  on  carbon  for¬ 
mation  and  electrochemical  performance  was  investigated  so  that 
results  obtained  on  different  cell  designs  can  be  appropriately  com¬ 
pared.  Specifically,  anode-  and  electrolyte-supported  cells  with 
Ni/YSZ  based  anodes  have  been  tested  for  their  performance  at 
1023K  with  a  dry  methane  feed.  A  thermodynamic  analysis  has 
been  performed  to  predict  the  gas-phase  composition  within  the 
anode  compartment  and  whether  carbon  is  thermodynamically 
favored  at  the  operating  conditions.  The  cells  were  tested  for  elec¬ 
trochemical  stability  under  a  constant  load  and  characterized  using 
electrochemical  impedance  spectroscopy  (EIS),  as  well  as  scanning 
electron  microscopy  (SEM).  Temperature-programmed  oxidation 
(TPO)  was  used  to  determine  the  type  of  carbon  formed  during  the 
stability  tests.  The  results  confirm  that  the  cell  design,  specifically 
the  thickness  of  the  conduction  layer,  significantly  influences  the 
performance  of  the  cells  and  the  nature  of  the  carbon  formed. 

2.  Thermodynamic  calculations  and  experimental  methods 

2.1.  Thermodynamic  calculations 

Thermodynamic  analysis  was  done  numerically  using  the  soft¬ 
ware  CEA  (Chemical  Equilibrium  with  Applications)  developed  by 
NASA  as  previously  reported  [24].  This  method  determines  the 
chemical  equilibrium  composition  by  the  minimization  of  the  Gibbs 
free  energy  of  the  gas  in  the  anode  compartment  (Eq.  (1 )). 

(dGSys)pj  =  0  (1) 


and  employs  Lagrange’s  method  of  the  undetermined  multipliers 
to  determine  a  solution  [25]. 

The  procedure  involves  writing  an  expression  for  the  total  Gibbs 
energy  of  the  system  and  then  finding  the  composition  which  min¬ 
imizes  Gsys  for  a  given  temperature  and  pressure,  subject  to  the 
constraints  of  the  material  balances  [25].  The  Gibbs  free  energy  of 
formation  of  the  chemical  species  is  used  for  the  calculations  and 
does  not  require  the  assumption  of  any  chemical  reactions  [26]. 
The  ideal  gas  law  is  the  equation  of  state  used  in  the  calculations 
for  the  low  pressure  and  high  temperatures  typical  for  SOFC  anode 
conditions. 

2.2.  Anode-  and  electrolyte-supported  cell  preparation  and 
testing 

Electrolyte-supported  cells  were  prepared  by  uni-axial  pressing 
YSZ  powder  (Tosoh,  TZ-8Y)  into  disks  25  mm  in  diameter.  The  elec¬ 
trolyte  disks  were  sintered  in  air  at  1 723 1<  for  4  h.  The  electrolyte 
was  dense,  free  of  pinholes  and  approximately  500  |xm  thick.  A 
NiO/YSZ  slurry  was  prepared  by  ball  milling  NiO  (Alfa  Aesar,  99%) 
and  YSZ  powder,  in  the  mass  ratio  of  1:1,  with  zirconia  milling 
media  in  ethanol  for  24  h.  The  mixture  was  dried  and  ground  in 
a  mortar  followed  by  sieving  to  obtain  particles  less  than  150  [xm 
in  size.  A  liquid  carrier,  a-terpineol  (Alfa  Aesar),  was  added  to  the 
sieved  powders  and  the  resulting  slurry  was  painted  onto  the  elec¬ 
trolyte.  The  electrolyte  and  anode  slurry  were  dried  at  350  K  and 
sintered  at  1623  K  for  4h  in  air  with  heating  and  cooling  rates  of 
5  K  min-1.  After  sintering,  the  anode  thickness  was  approximately 
50  |xm  with  a  geometric  area  of  0.3  cm2.  The  cathode  was  applied 
by  painting  Pt  paste  (Engelhard)  onto  the  electrolyte  and  firing  the 
assembly  at  1 1 73 1<  in  air  for  1  h.  Ag  wires  were  attached  to  the  elec¬ 
trodes  as  current  collectors.  Pt  paste  was  used  to  attach  the  wire  to 
the  cathode  side  and  Ag  paste  was  used  to  connect  the  wire  to  the 
NiO/YSZ  anode.  The  cell  was  placed  at  the  end  of  an  alumina  cell 
holder  with  a  14  mm  inner  diameter.  Glass  paste  (ESL  4460,  The 
Hydrogen  Co.)  was  used  to  seal  the  anode  side  of  the  cell  onto  the 
cell  holder,  while  the  cathode  side  was  left  exposed  to  air. 

Anode-supported  cells  were  prepared  by  uni-axial  pressing  the 
electrolyte  and  anode  material  simultaneously.  The  anode  material 
was  a  mixture  of  NiO  (50  wt%),  YSZ  (43  wt%)  and  graphite  (7  wt%). 
Graphite  (Alfa  Aesar,  conductive  grade,  325  Mesh)  was  added  to 
the  NiO/YSZ  mixture  to  enhance  porosity  in  the  thick  electrode. 
The  electrolyte  and  anode  were  co-sintered  at  1623  K  for  4  h  with 
heating  and  cooling  rates  of  1  K  min-1 .  The  different  shrinkage  rates 
of  the  electrolyte  (YSZ),  and  the  NiO/YSZ  anode  caused  deforma¬ 
tion  and  cracks  of  the  cell.  This  problem  was  overcome  by  placing 
a  mass  of  ~250g  on  the  electrolyte/anode  disks  during  sintering. 
Similar  to  the  electrolyte-supported  design,  the  cathode  was  made 
by  painting  Pt  paste  on  the  electrolyte  and  had  a  geometric  area  of 
0.3  cm2 .A  ceramic-based  sealing  paste  (Aremco,  552  VFG)  was  used 
to  seal  the  anode-supported  cell  onto  the  cell  holder.  Ag  wires  were 
attached  to  the  anode  and  cathode  by  Ag  and  Pt  paste,  respectively. 

For  electrochemical  testing,  the  cells  were  heated  to  the  oper¬ 
ating  temperature  in  He  and  the  anodes  were  then  reduced 
in  H2  at  1023 1<  for  1  h.  Electrochemical  measurements  were 
performed  using  a  standard  electrochemical  interface  (1287 
Potentiostat  + 1260  FRA,  Solartron  Analytical).  The  flow  rate  was 
maintained  constant  throughout  the  experiments  and  equal  to 
50  ml  min-1  (STP)  for  humidified  hydrogen  and  25  ml  min-1  (STP) 
for  dry  methane.  Electrochemical  impedance  spectroscopy  (EIS) 
experiments  were  performed  at  1023K  and  open  circuit  volt¬ 
age  (OCV)  for  cells  exposed  to  humidified  hydrogen  (flow  rate  of 
50  ml  min-1)  and  dry  methane  (flow  rate  25  ml  min-1).  The  flow 
rate  for  methane  was  half  of  the  flow  rate  of  hydrogen  to  maintain 
a  constant  total  molar  flow  rate  of  hydrogen.  Impedance  spec¬ 
troscopy  analysis  was  performed  at  OCV  with  a  perturbation  of 
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10  mV  amplitude  in  the  frequency  range  105-0.1  Hz.  Stability  tests 
were  performed  at  a  constant  current  density  of  50  mA  cm-2  and 
100  mA cm-2,  for  electrolyte-  and  anode-supported  cells,  respec¬ 
tively,  in  dry  methane  (flow  rate  of  25  ml  min-1 )  at  1023  K. 

2.3.  Characterization  of  cells 

Temperature-programmed  oxidation  (TPO)  was  used  to  char¬ 
acterize  and  quantify  any  carbon  formed  after  the  stability  tests. 
The  cells  were  cooled  in  He  after  the  galvanostatic  tests  and  then 
transferred  to  an  alumina  tube  for  the  TPO  analysis.  TPO  was  done 
with  10%  02  in  He  with  a  flow  rate  of  50  ml  min-1  (STP).  The 
temperature  was  increased  from  room  temperature  to  1173K  at 
10  K  min-1  and  the  outlet  gases  were  analyzed  with  a  mass  spec¬ 
trometer  (Cirrus,  MKS  Spectra  products).  Signals  for  m\z  =  44  (C02 ), 
m/z  =  28  (CO),  m/z  =  32  (02),  m\z=  18  (H20)  and  m/z  =  2  (H2)  were 
monitored  during  the  TPO  experiment.  The  signals  for  C02  and  H20 
were  calibrated  with  gas  mixtures  of  known  concentrations.  Scan¬ 
ning  electron  microscopy  (SEM)  (Philips  XL30  ESEM)  was  used  to 
investigate  the  morphology  of  the  carbon  deposits  and  anodes  after 
testing  in  dry  methane.  The  samples  were  broken  after  the  stability 
tests  and  sputtered  with  gold  to  reduce  charging  in  the  SEM. 

Three  cells  of  each  type  (anode-  or  electrolyte-supported)  were 
prepared  for  the  stability  experiments.  After  exposure  to  dry 
methane  for  24  h,  two  of  the  cells  were  cooled  in  He  and  then 
used  for  the  TPO  and  SEM  analysis.  The  third  cell  was  exposed  to 
humidified  H2  for  1  h  at  OCV  to  investigate  whether  the  original  cell 
performance  could  be  restored. 

3.  Results  and  discussion 

3A.  Equilibrium  composition 

Fig.  1  shows  the  thermodynamic  equilibrium  composition  of 
the  carbon  and  gas  species  as  a  function  of  temperature  in  the 
anode  compartment  of  an  SOFC  operated  with  dry  methane.  The 
methane  is  essentially  completely  decomposed  by  1100K.  Solid 
carbon  (Cs )  and  hydrogen  are  thermodynamically  favoured  for  tem¬ 
peratures  above  600  K.  The  predicted  composition  is  consistent 
with  the  cracking  of  methane  (Eq.  (2))  being  the  sole  reaction.  Our 
results  are  consistent  with  another  study  [27]  in  which  a  different 
software  package  (HSC  Chemistry)  was  used. 

CH4  Cs  +  2H2g  A H°  =  75  kj  mol-1  (2) 


600  800  1000  1200  1400 


Temperature  /  K 

Fig.  1.  Equilibrium  composition  as  a  function  of  temperature  for  a  dry  methane  feed 
at  1  atm.  The  species  at  equilibrium  are  CH4  (■),  H2  (•)  and  Cs,  graphite  (★). 


Fig.  2.  Equilibrium  composition  as  a  function  of  current  density  for  dry  methane 
feed  (25  ml  min-1 )  at  1023  K  and  1  atm.  The  species  at  equilibrium  are  CH4  (■),  CO 
(0),  C02  (A),  H2  (•),  H20  (O)  and  CS)  graphite  (★). 


For  an  SOFC  in  operation  (i.e.,  under  a  constant  load),  a  flux  of 
oxygen  ions  is  supplied  to  the  anode  compartment  and  must  be 
considered  in  the  calculations.  The  input  of  oxygen  to  the  anode 
compartment  at  a  given  current  density  can  be  calculated  by  Fara¬ 
day’s  law  (Eq.  (3)). 


where  no2  is  the  flow  of  oxygen  (mols-1  cm-2)  delivered  to  the 
anode,  i  is  the  current  density  (A cm-2),  F  is  Faraday’s  constant 
(96487  C  mol-1  equivalent)  and  z  =  4  is  the  number  of  electrons 
involved  in  the  oxygen  reduction  reaction  (Eq.  (4)). 

02  +4e-  202-  (4) 

Fig.  2  shows  the  equilibrium  composition  of  the  carbon  and  gas 
species  as  a  function  of  current  density  for  a  SOFC  operated  at 
1023  K  and  1  atm  with  dry  methane  feed  (25  ml  min-1 ).  The  pres¬ 
ence  of  oxygen  anions  produces  the  species  CO,  C02,  and  H20 
in  addition  to  H2  and  Cs.  The  mole  fraction  of  CH4  decreases 
from  ~0.04  to  essentially  0  as  the  current  density  increases  from 
0.1  A  cm-2  to  1  A  cm-2. 

At  low  operating  current  density  (<0.4  A  cm-2 ),  the  predominant 
chemical  species  are  Cs  and  H2 .  As  the  current  density  increases,  the 
amount  of  solid  carbon  present  decreases,  possibly  by  the  electro¬ 
chemical  oxidation  of  carbon  (Eq.  (5))  and/or  the  reaction  of  water 
(Eq.  (6))  with  carbon. 

Cs  +  02-^  CO  +  2e-  (5) 

Cs  +  H20  ->  CO  +  H2  A Hr°  =  131  kj  mol-1  (6) 

At  intermediate  current  densities  (0.4-1  A  cm-2),  H2  is  still  the 
main  component  but  the  concentration  of  CO  continues  to  increase. 
CO  is  produced  by  the  endothermic  steam  reforming  reaction  (Eq. 
(7))  and/or  the  partial  oxidation  of  methane  (Eq.  (8)). 

CH4  +  H20  -*  CO  +  3H2  A Hr°  =  206  kj  mol-1  (7) 

CH4  +  O2-  ->  CO  +  2H2  +  2e"  (8) 

The  production  of  CO  may  also  be  a  result  of  the  oxidation  of  car¬ 
bon  deposits  (Eq.  (5))  as  suggested  in  other  studies  [2,26],  and/or 
the  reaction  of  water  with  carbon  (Eq.  (6)).  At  intermediate  cur¬ 
rent  densities,  the  equilibrium  concentrations  of  C02  and  H20  are 
negligible. 

At  high  operating  current  densities  (>1  A  cm-2),  solid  carbon  is 
not  thermodynamically  predicted  and  the  C02  and  H20  concentra¬ 
tions  increase.  C02  may  be  produced  by  the  direct  electrochemical 
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Fig.  3.  Power  density  (open  symbols)  and  cell  voltage  (filled  symbols)  as  a  function 
of  current  density  for  humidified  H2  (O.  •)  and  dry  CH4  (□,  ■)  with  flow  rates  of  50 
and  25  ml  min-1  respectively  for  a  Ni/YSZ  electrolyte-supported  SOFC  at  1023  K. 


oxidation  of  methane  (Eq.  (9))  as  suggested  by  Koh  et  al.  [26],  and/or 
the  exothermic  water  gas  shift  reaction  (Eq.  (10)).  H20  is  a  prod¬ 
uct  of  the  electrochemical  oxidation  of  hydrogen  (Eq.  (11))  and/or 
methane  (Eq.  (9)). 

CH4  +  402-  ->■  C02  +  2H20  +  8e“  (9) 

CO  +  H20  ->■  C02+H2  A  Hr0  =  -41  kjmol-1  (10) 

H2  +  lo2-^H20  +  2e-  (11) 

3.2.  Electrochemical  measurements 

Electrolyte-  and  anode-supported  cells  were  tested  with  dry 
methane  at  1023K  to  investigate  how  the  cell  design  affects  the 
electrochemical/reforming  reactions  and  the  deposition  of  carbon. 
The  current-voltage  characteristics  and  power  density  curves  of 
electrolyte-  and  anode-supported  cells  are  shown  in  Figs.  3  and  4, 
respectively.  For  the  electrolyte-supported  cell,  an  OCV  value  of 
1.08  V  was  measured  in  humidified  H2,  which  is  close  to  the  calcu¬ 
lated  value  of  1 .09  V  and  indicated  that  the  cell  was  well-sealed.  The 
OCV  in  dry  methane  was  0.92  V,  which  is  lower  than  the  theoretical 
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Fig.  4.  Power  density  (open  symbols)  and  cell  voltage  (filled  symbols)  as  a  function 
of  current  density  for  humidified  H2  (O.  •)  and  dry  CH4  (□,  ■)  with  flow  rates  of 
50  ml  min-1  and  25  ml  min-1  respectively  for  a  Ni/YSZ  anode-supported  SOFC  at 
1023  K. 


value  of  1.15  V  calculated  for  the  direct  oxidation  of  methane  (Eq. 
(9)).  Maximum  power  densities  of  140  mW  cm-2  and  60  mW  cm-2 
were  obtained  in  humidified  H2  and  dry  CH4,  respectively.  A  lim¬ 
iting  current  density  of  approximately  120  mAcnrr2  was  obtained 
in  CH4. 

Because  the  Ni/YSZ  anode  was  ~50  [xm  thick,  the  limiting  cur¬ 
rent  density  cannot  be  explained  by  mass  transfer  limitations 
to  the  triple  phase  boundary  (TPB),  but  rather  as  a  limited  sup¬ 
ply  of  the  reactants  that  are  oxidized  at  the  anode.  The  catalyst 
amount  may  be  insufficient  to  convert  CH4  into  H2  by  the  cracking 
reaction  (Eq.  (2))  at  the  same  rate  that  hydrogen  is  being  con¬ 
sumed  by  the  electrochemical  reaction  (Eq.  (1 1 ))  at  higher  current 
densities  resulting  in  a  limiting  current  density.  This  situation  is 
consistent  with  an  OCV  (0.92  V),  which  is  less  than  the  calculated 
value  for  CH4,  and  may  be  associated  with  a  reduced  H2  partial 
pressure  at  the  anode  TPB.  The  low  OCV  in  dry  methane  for  an 
electrolyte-supported  configuration  was  not  attributed  to  failure 
of  the  sealing  as  the  OCV  was  restored  to  the  value  of  1.08  V  when 
the  fuel  was  switched  to  humidified  hydrogen.  Eguchi  et  al.  [28] 
have  also  reported  measured  OCV  values  lower  than  theoretical 
for  an  electrolyte-supported  cell  operated  with  methane  reformed 
internally  on  a  Ni/YSZ  anode.  The  lower  OCV  was  explained  by  the 
insufficient  amount  of  catalyst  to  completely  reform  the  fuel.  Gorte 
et  al.  [4]  reported  an  OCV  of  0.9  V  for  CH4  at  973  K  with  a  Cu-Ce02 
anode-supported  cell,  and  this  low  OCV  was  interpreted  by  the 
equilibrium  established  between  the  hydrocarbons  and  the  partial 
oxidation  products. 

For  the  anode-supported  cells,  the  OCV  values  were  1.05  V  and 
1.15  V  in  humidified  H2  and  dry  CH4,  respectively,  and  the  lim¬ 
iting  current  density  was  greater  than  0.5  A  cm-2  (Fig.  4).  The 
maximum  power  densities  were  320mWcm-2  in  humidified  H2 
and  280mWcnrr2  in  dry  CH4.  These  values  are  approximately 
two  and  five  times  higher  than  the  values  for  the  electrolyte- 
supported  cells.  A  higher  OCV  for  an  anode-supported  configuration 
has  been  reported  in  other  studies  with  similar  cells  [10].  In  the 
anode-supported  cell  configuration,  the  YSZ  electrolyte  is  thinner 
(~200  pan)  resulting  in  a  lower  ohmic  resistance  and,  thus,  higher 
power  density.  This  result  suggests  that  an  anode-supported  cell 
mostly  affects  the  utilization  of  methane  such  that  the  power  den¬ 
sity  curve  for  dry  CH4  is  closer  to  that  for  H2.  A  thicker  anode 
enhances  the  cracking  activity  and  increases  the  hydrogen  partial 
pressure  at  the  TPB  resulting  in  a  higher  OCV  and  an  increase  in  the 
limiting  current  density. 

Fig.  5  shows  the  impedance  spectra  at  OCV  for  an  electrolyte- 
supported  cell  before  and  after  the  stability  test  in  dry  CH4.  Before 
the  stability  test,  the  high  frequency  intercept  with  the  real  axis 
(Rq)  was  fuel  (humidified  H2  or  dry  CH4)  independent  at  1 .2  £2  cm2. 
This  value  exceeds  the  calculated  ohmic  resistance  of  1.1  £2  cm2  for 
a  500  p,m-thick  YSZ  with  a  ionic  resistivity  of  22.3  £2  cm  atl073 1< 
[29].  The  impedance  spectra  are  in  the  form  of  depressed  arcs  that 
were  larger  for  dry  CH4  than  humidified  H2  Polarization  resistances 
(ftp)  of  approximately  1  £2  cm2  and  1.8  £2  cm2  were  measured  at 
OCV  for  humidified  H2  and  dry  CH4,  respectively.  The  ftp  is  given 
by  the  difference  between  the  low  frequency  intercept  (ftT)  and  the 
ohmic  resistance  (ft^). 

After  the  stability  test,  the  high  frequency  intercept  (ft^)  for 
the  impedance  measured  in  dry  CH4  increased  to  2.5  £2  cm2.  This 
change  in  ohmic  resistance  is  likely  because  of  the  degradation  of 
contact  between  anode  and  current  collector  during  the  exper¬ 
iment  as  typically  the  ohmic  resistance  is  relatively  stable.  The 
ftp  also  increased  substantially  to  11.5  £2  cm2.  An  increase  in  ftp 
may  result  from  carbon  blocking  the  pores  and  increasing  diffu¬ 
sion  resistance  and/or  carbon  deposition  on  the  Ni  particles,  which 
may  decrease  the  TPB  available  for  the  electrochemical  oxidation 
of  the  fuel.  After  the  stability  test,  the  cell  was  exposed  to  humid¬ 
ified  H2  for  1  h  at  OCV  (flow  rate  of  50  ml  min-1  and  1023  K),  and 
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Fig.  5.  Equilibrium  impedance  for  an  electrolyte-supported  cell  in  humidified  H2 
(#,0)  and  dry  CH4  (■,□)  before  (filled  symbols)  and  after  (open  symbols)  stability 
test  ( 1 6  h,  1 023  K,  dry  CH4  feed,  50  mA  cm-2 ).  Inset  is  an  expansion  of  the  impedance 
real  axis.  The  cell  was  exposed  to  humidified  H2  for  1  h  at  OCV  after  the  stability 
test  before  the  impedance  was  measured.  Markers  correspond  to  the  frequencies 
labeled. 

the  impedance  measured  again  to  see  if  the  original  performance 
could  be  recovered  in  this  time.  The  polarization  resistance  was 
5.5  C2  cm2  and  the  performance  was  not  restored  completely  during 
this  period.  This  degradation  may  be  due  to  several  factors  including 
irreversible  damage  of  the  anode  structure  by  carbon  deposition, 
sintering  of  Ni  with  consequent  reduction  of  TPB,  and/or  mobility  of 
the  Ag  paste  to  reduce  the  connection  between  the  current  collec¬ 
tor  and  the  anode.  The  ohmic  resistance  did  not  change  when  the 
fuel  was  switched  back  to  hydrogen  after  the  stability  test,  which 
is  consistent  with  a  decrease  in  connectivity  between  the  current 
collector  and  the  anode  over  the  course  of  the  experiment. 

Fig.  6  shows  the  impedance  spectra  at  OCV  for  an  anode- 
supported  cell  before  and  after  the  stability  test.  Before  the  stability 
test,  the  impedance  spectrum  consisted  of  a  depressed  arc  that  was 
larger  for  dry  methane  than  for  humidified  hydrogen  as  for  the 
electrolyte-supported  cells  (insets  of  Figs.  5  and  6).  The  high  fre¬ 
quency  intercept  was  0.46  £2  cm2  and  was  similar  for  both  fuels.  The 
polarization  resistance  was  approximately  0.64  £2  cm2  in  humidi¬ 
fied  hydrogen  and  1.06  £2  cm2  in  dry  methane,  both  values  being 
approximately  half  of  the  values  measured  for  the  electrolyte- 


Fig.  6.  Equilibrium  impedance  for  an  anode-supported  cell  in  humidified  H2  (#,0) 
and  CH4  (■,□)  before  (filled  symbols)  and  after  (open  symbols)  stability  test  (24  h, 
1 023  K,  dry  CH4  feed,  1 00  mA  cm-2 ).  Inset  is  an  expansion  of  the  impedance  real  axis. 
The  cell  was  exposed  to  humidified  H2  for  1  h  at  OCV  after  the  stability  test  before 
the  impedance  was  measured.  Markers  correspond  to  the  frequencies  labeled. 


supported  cells.  After  the  stability  test,  the  Rq  value  increased  only 
slightly,  while  the  Rp  value  increased  significantly  to  approximately 
2.49  £2  cm2.  The  increase  in  polarization  resistance,  as  was  also 
observed  for  electrolyte-supported  cells,  may  be  a  result  of  car¬ 
bon  damaging  the  anode  and  blocking  pores.  Exposing  the  anode 
to  hydrogen  for  1  h  at  OCV  reduced  the  Rp  to  0.98  C2  cm2  but  the 
original  Rp  was  not  recovered. 

In  the  case  of  a  single  reaction  on  a  uniform  electrode,  the 
faradaic  impedance  (Zf)  can  be  represented  as  a  charge  transfer 
resistance  (Kct)-  The  representation  is,  however,  more  complicated 
for  the  interfacial  response  if  coupled  reactions,  reactions  involving 
mass  transfer,  reactions  involving  adsorbed  species,  and  reaction  on 
non  uniform  surfaces  are  involved  [30].  Another  factor  that  adds 
complexity  to  the  impedance  interpretation  analysis  in  full  cell 
studies  is  the  presence  of  the  cathode  and  its  contribution  to  the 
spectrum.  The  entire  cell  voltage  was  measured  to  be  consistent 
with  both  cell  types  -  it  is  difficult  to  position  a  reference  electrode 
on  anode-supported  cells.  Nevertheless,  the  cathode  was  identical 
in  the  two  cells  types  and  thus,  changes  in  the  impedance  spec¬ 
tra  can  be  attributed  to  changes  in  the  anode.  Because  EIS  was 
performed  at  OCV  with  an  amplitude  of  10  mV,  mass  transport 
limitations  can  also  be  neglected  and  the  faradaic  impedance  (or 
total  Rp)  being  a  charge  transfer  resistance  is  a  good  approxima¬ 
tion.  Thus,  the  differences  in  Rp  between  different  cell  tests  and 
cell  types  can  now  be  entirely  attributed  to  changes  in  Rct  at  the 
anode.  The  measured  resistances  for  the  six  cells  used  in  this  study 
are  shown  in  Table  1. 

The  cells  of  each  type  were  relatively  consistent  in  their  mea¬ 
sured  resistance  values  for  each  condition  before  the  stability  tests. 
The  one  exception  is  Cell  3  of  the  electrolyte-supported  cells  that 
had  a  significantly  higher  Rp  value  after  exposure  to  methane. 
Likely  the  current  collector  came  loose  during  the  experiment. 
In  humidified  hydrogen,  the  average  Rp  values  for  anode-  and 
electrolyte-supported  cells  were  0.84  £2  cm2  and  1 .9  £2  cm2,  respec¬ 
tively,  indicating  that  the  anode-supported  cells  may  have  faster 
electron  transfer  kinetics.  The  anodes  in  the  two  cell  types  were 
prepared  by  different  techniques,  which  will  affect  the  microstruc¬ 
ture  and  performance  of  the  cells.  The  anode-supported  cells  were 
prepared  by  pressing  and  co-sintering  the  anode  and  electrolyte; 
while  the  anode  in  the  electrolyte-supported  cell  was  brush  painted 
onto  the  electrolyte. 

3.3.  Cell  stability  and  carbon  deposition 

Electrolyte-  and  anode-supported  cells  were  tested  at  constant 
current  densities  of  50  mA  cm-2  and  100  mA  cm-2,  respectively, 
with  dry  CFI4.  Carbon  deposition  is  thermodynamically  favoured 
at  these  current  densities  (Fig.  2)  and  so  the  effects  of  carbon 
deposition  and  subsequent  degradation  of  the  cell  voltage  can 
be  investigated.  The  electrolyte-supported  cell  was  operated  at 
50  mAcm-2  while  the  anode-supported  cell  was  operated  at  twice 
that  current  density  because  a  better  cell  performance  in  dry 
methane  was  achieved  for  this  cell  at  similar  total  cell  voltage. 
Fig.  7  shows  the  results  of  the  galvanostatic  (stability)  experi¬ 
ments  for  the  two  cell  types.  These  results  are  representative 
of  the  results  for  the  six  cells  that  were  tested  (three  of  each 
type).  The  voltage  of  the  electrolyte-supported  cell  decreased  by 
150  mV  in  the  first  3h  and  then  was  essentially  constant  for  the 
rest  of  experiment.  In  contrast,  the  performance  of  the  anode- 
supported  cell  was  not  stable  and  the  voltage  fluctuated  with 
an  average  degradation  rate  (slope  of  the  regression  line  for  the 
data)  of  8mVh-1.  Koh  et  al.  [31]  reported  similar  behaviour  for  a 
Ni/YSZ  anode-supported  cell  operating  in  dry  CFI4  and  attributed 
the  degradation  to  carbon  deposition  by  visual  inspection.  The 
trends  seen  in  the  stability  tests  herein  are  consistent  with  carbon 
formation. 


Table  1 

Impedance  data  for  the  tested  cells. 
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Fig.  7.  Galvanostatic  tests  in  dry  CH4  at  1023 1<  for  an  electrolyte-supported  cell  at 
a  constant  current  density  of  50  mAcirr2  (■),  and  for  an  anode-supported  cell  at  a 
constant  current  density  of  100  mA  cm-2  (□). 


Following  the  exposure  to  dry  methane  for  16  h  or  24  h,  TPO 
experiments  were  performed  on  the  two  cell  types  to  characterize 
any  carbon  formed.  Fig.  8a  compares  the  C02  production  dur¬ 
ing  the  TPO  analysis  of  the  Ni/YSZ  anodes  tested  in  the  stability 
test  (Fig.  7).  Note  that  both  the  C02  and  H20  responses  for  the 
anode-supported  cell  have  been  multiplied  in  order  that  the  tem- 
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Fig.  8.  C02  (a)  and  H20  (b)  production  during  TPO  for  an  electrolyte-supported  cell 
(dotted  line)  with  a  Ni/YSZ  anode  exposed  to  dry  methane  and  constant  current 
density  of  50  mA  cm-2  for  1 6  h;  and  for  an  anode-supported  cell  (solid  line)  exposed 
to  dry  methane  and  constant  current  density  of  100  mAcirr2  for  24  h. 
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peratures  for  the  peaks  for  the  two  cell  types  can  be  more  easily 
compared.  For  the  electrolyte-supported  cell  (dotted  line),  C02  was 
observed  between  500  K  and  800  K,  as  has  been  seen  previously  [8] 
for  cells  exposed  to  CH4  at  similar  current  densities.  For  the  anode- 
supported  cell  (solid  line),  peaks  were  evident  in  two  temperature 
regions.  The  first  region  corresponds  to  temperatures  between 
500  K  and  700  K.  The  second  region  corresponds  to  higher  temper¬ 
atures  between  800 1<  and  1050K,  and  represents  a  more  stable 
carbon  similar  to  the  carbon  deposited  on  a  Ni/YSZ  anode  operated 
at  open  circuit  potential  [8].  Water  was  also  monitored  during  the 
TPO  experiment  and  Fig.  8b  shows  the  water  signals  for  the  two  cell 
types. 

The  higher  temperature  peak  in  the  TPO  spectra  is  likely  related 
to  graphite  formation.  The  XRD  analysis  of  Ni/YSZ  pellets  exposed 
to  humidified  methane  (see  Fig.  2  in  [7])  contained  a  peak  at  ~27° 
2-theta  that  corresponds  to  graphite.  Peaks  for  Ni  carbide  species 
(Ni3C  at  ~45°  2-theta)  were  not  present;  Ni  carbide  is  not  expected 
as  it  forms  at  lower  temperatures.  In  other  work  [32],  the  carbon 
deposited  on  a  Ni/YSZ  anode  exposed  to  a  feed  of  methane  at  988  K 
was  observed  to  be  graphitic  by  in  situ  Raman  spectroscopy  analy¬ 
sis. 

In  absolute  terms,  significantly  more  carbon  was  formed  on  the 
anode-supported  cell  but  normalization  of  the  amounts  of  carbon 
with  the  amount  of  Ni  in  the  anodes  resulted  in  the  following  val¬ 
ues:  0.005  mol  C  mol-1  Ni  for  the  anode-supported  cell  compared  to 
0.1 60  molC  mol-1  Ni  for  the  electrolyte-supported  cell.  These  val¬ 
ues  may  have  significant  standard  errors  because  of  the  difficulty 
in  accurately  measuring  the  Ni  content  of  the  anodes.  In  addition, 
the  Ni/YSZ  anode  from  the  anode-supported  cell  turned  to  powder 
after  the  stability  test  (metal  dusting,  see  photo  in  [7]),  making  it 
difficult  to  collect  all  of  the  sample.  The  anode-supported  cells  are 
also  more  difficult  to  seal  and  any  leaks  will  allow  oxygen  to  react 
with  the  deposited  carbon.  Oxygen  leaks  would  be  consistent  with 
the  fluctuating  voltage  seen  in  Fig.  7.  Given  the  results  of  the  sta¬ 
bility  test,  the  type  of  carbon  deposited  is  just  as  important,  if  not 
more  so,  than  the  amount  of  carbon.  The  H:C  ratio  in  the  deposited 
carbon  was  0.50  and  1.13  for  the  anode-  and  electrolyte-supported 
cells,  respectively. 

SEM  images  of  Ni/YSZ  anodes  after  reduction  in  hydrogen  for 
the  anode-and  electrolyte-supported  cells  are  shown  in  Fig.  9a 
and  b,  respectively.  Note  that  the  magnifications  of  these  images 
are  different  given  the  different  size  of  anodes  (800  p,m  for  the 
anode-supported  cell  and  approximately  50  p,m  for  the  electrolyte- 
supported  cell).  Fig.  9c  and  d  show  the  Ni/YSZ  anodes  of  the  anode- 
and  electrolyte-supported  cells,  respectively.  The  microstructure 
of  the  reduced  anode  in  the  anode-supported  cell  (Fig.  9c)  appears 
to  be  less  sintered  than  the  reduced  anode  in  the  electrolyte- 
supported  cell  (Fig.  9d).  The  triple  phase  boundary  (TPB)  cannot  be 
determined  directly  from  the  SEM  images  but  a  larger  TPB  length 
is  expected  for  anode-supported  cells  given  the  lower  values  of  Rp 
for  this  type  of  cell. 

Images  of  the  anodes  after  the  stability  test  are  given  in  Fig.  9e-g. 
The  breakdown  of  the  anode  structure  within  the  conduction 
layer  of  the  anode-supported  cell  is  visible  in  Fig.  9g.  Carbon  has 
destroyed  the  Ni  particles  as  seen  in  ex-situ  tests  in  which  Ni/YSZ 
was  exposed  to  humidified  methane  at  1073  K  [7].  In  contrast,  the 
anode  in  the  functional  layer  of  the  anode-supported  cell  has  gen¬ 
erally  retained  its  structure,  and  the  deposited  carbon  is  granular  or 
sponge-like  (Fig.  9e).  A  similar  type  of  carbon  formed  on  the  anode 
of  the  electrolyte-supported  cell  after  the  stability  test  (Fig.  9f).  This 
type  of  carbon  was  observed  by  Alzate-Restrepo  and  Hill  [8]  for 
a  Ni/YSZ  anode  exposed  to  humidified  methane  for  6h  at  1073K 
with  current  densities  of  10  mA  cm-2  and  1mA  cm-2.  Note  that 
the  anodes  examined  in  the  SEM  after  the  stability  tests  were  not 
exposed  to  hydrogen  as  was  done  for  the  impedance  measure¬ 
ments. 


3.4.  Discussion 

The  objective  of  this  work  was  to  study  the  impact  of  cell  design 
for  Ni-YSZ/YSZ/Pt  SOFCs  operated  on  dry  methane  on  cell  perfor¬ 
mance.  The  anode  in  anode-supported  cells  can  be  considered  to 
consist  of  two  different  regions:  a  functional  layer  and  a  conduc¬ 
tion  layer;  with  different  roles.  The  electrochemical  reactions  (Eqs. 
(5),  (8),  (9)  and  (11))  occur  at  the  triple  phase  boundary  (TPB)  in 
the  functional  layer  and  the  thickness  of  this  region  depends  on 
the  structure  and  composition,  but  may  extend  between  1 0  p,m  and 
1 20  fxm  [  1 4,33  ]  from  the  electrolyte.  The  conduction  layer  provides 
support  to  the  cell,  supplies  the  fuel  to  the  TPB,  and  provides  elec¬ 
tronic  conductivity.  With  fuels  other  than  hydrogen,  the  conduction 
layer  also  may  catalyze  the  reforming  and/or  decomposition  of  the 
fuels.  The  anode  in  the  electrolyte-supported  cells  used  in  this  study 
nominally  had  a  thickness  of  only  50  |jim  and  may  be  considered  to 
act  only  as  Ni/YSZ  functional  layer. 

Our  results  indicate  that  the  two  cell  designs  provide  differ¬ 
ent  results  both  in  terms  of  electrochemical  performance  (OCV, 
power  density,  and  stability)  and  type  of  carbon  deposited.  These 
differences  stem,  in  part,  from  the  different  gas-phase  compositions 
within  the  anode  chamber  and  at  the  TPB  in  the  two  cells  types.  The 
thermodynamic  calculations  (Figs.  1  and  2)  provide  a  guideline  for 
the  system  if  it  is  allowed  to  reach  equilibrium.  For  systems  that  are 
operated  on  dry  feeds,  the  likelihood  of  carbon  formation  increases 
with  temperature.  In  contrast,  in  systems  operating  with  humidi¬ 
fied  feeds  [27]  or  feeds  containing  oxygen  (e.g.,  alcohols)  [24,27], 
the  propensity  for  carbon  deposition  decreases  as  the  temperature 
increases.  At  a  fixed  temperature,  carbon  formation  decreases  with 
increasing  current  density  (Fig.  2). 

Differences  in  microstructure  that  arise  from  the  differ¬ 
ent  preparation  methods  required  to  prepare  either  anode-  or 
electrolyte-supported  cells  also  influenced  performance.  The  polar¬ 
ization  resistance  was  lower  for  the  anode-supported  cells  in 
hydrogen  and  dry  methane  (Table  1).  The  SEM  analysis  showed 
that  the  microstructure  for  the  two  cell  types  was  not  identical 
(Fig.  9c  and  d).  There  are  limited  techniques  that  can  produce 
anodes  with  consistent  microstructures  over  a  range  of  thicknesses : 
20  pan  (electrolyte-supported  cells)  to  1000  pm  (anode-supported 
cells).  Plasma  spraying  [34]  and  traditional  tape  casting  are  meth¬ 
ods  that  have  this  capability. 

A  range  of  OCV  values  between  0.9  V  and  1.4  V  [4,13,35]  has 
been  observed  in  the  literature  for  SOFC  operation  in  dry  or  humid¬ 
ified  methane  at  temperatures  between  973  K  and  1273  K.  Liu  and 
Barnett  [36]  report  that  the  measured  OCV  for  Ni/YSZ  anodes  in 
humidified  methane  is  in  agreement  with  that  calculated  with  the 
partial  oxidation  of  carbon  deposits  (Eq.  (5))  (~1.13V  at  1023K, 
interpolating  from  Fig.  5  in  Ref.  [36]).  The  authors  also  mentioned, 
however,  that  multiple  anode  reactions  may  occur  simultaneously 
and  influence  the  OCV  value.  In  another  study  [16],  the  OCV  was 
attributed  to  the  total  oxidation  of  methane  (Eq.  (9)),  and  for  these 
studies  the  OCV  was  usually  greater  than  1.15  V.  In  this  work  we 
suggest  that  the  measured  OCV  (Figs.  3  and  4)  values  are  a  result  of 
mixed-potentials.  The  mixed-potential  is  a  non-equilibrium  condi¬ 
tion  at  net  zero  current  and  to  be  calculated  requires  the  application 
of  thermodynamics,  kinetics  and  transport  phenomena  [30].  With 
the  direct  utilization  of  methane  in  SOFCs,  several  electrochemical 
oxidation  reactions  (Eqs.  (5),  (8),  (9)  and  (11))  are  possible  on  the 
anode,  and  each  of  these  electrochemical  reactions  have  a  differ¬ 
ent  Nernst  potential  as  well  as  different  kinetics.  Thus,  calculation 
of  the  mixed-potential  for  our  system  is  beyond  the  scope  of  this 
paper. 

The  mixed-potential  at  OCV  is  more  likely  to  be  influenced  by 
the  hydrogen  Nernst  potential  (calculated  by  Eq.  (11))  given  that 
the  direct  electrochemical  oxidation  of  CH4  (Eq.  (9))  has  more  slug¬ 
gish  kinetics  [17]  than  the  electrochemical  oxidation  of  hydrogen 
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Fig.  9.  SEM  cross-sectional  images  of:  (a)  anode-supported  cell,  (b)  electrolyte-supported  cell;  Ni-YSZ  anodes  in  (c)  anode-supported  cell,  (d)  electrolyte-supported  cell; 
functional  layers  in  (e)  anode-supported  cell  after  stability  test,  (f)  electrolyte-supported  cell  after  stability  test;  and  (g)  conduction  layer  in  anode-supported  cell  after  stability 
test. 


(Eq.  (11)).  In  this  study  the  OCV  was  lower  for  the  electrolyte- 
supported  cell  (0.92  V,  Fig.  3)  than  for  the  anode-supported  cell 
(1.15  V,  Fig.  4).  The  presence  of  a  conduction/reforming  layer  in 
the  anode-supported  cell  catalyzed  the  production  of  hydrogen 
and  thus,  increased  the  local  partial  pressure  of  hydrogen  at  the 
TPB.  This  suggestion  is  consistent  with  the  work  of  Liu  et  al.  [12], 


in  which  the  addition  of  a  reforming  catalyst  on  a  LSCM  anode 
increased  the  OCV  and  enhanced  performance  by  increasing  the 
production  of  hydrogen  within  the  anode.  Similarly,  the  addition 
of  C-H  bond  cracking  catalysts  to  ceria  (doped  or  un-doped)  anode 
materials  resulted  in  an  increase  of  the  OCV  [15,37-39]  because 
more  H2  was  available.  The  lower  limiting  current  density  for  the 
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electrolyte-supported  cells  also  supports  the  theory  that  hydrogen 
and  not  methane  is  the  species  being  oxidized  at  the  anode  under 
the  conditions  of  this  study. 

Galvanostatic  tests  in  dry  methane  (Fig.  7)  showed  that  sta¬ 
bility  and  behaviour  of  the  electrolyte-and  anode-supported  cells 
was  different.  The  performance  of  the  electrolyte-supported  cell 
was  relatively  stable  after  the  first  three  hours  of  operation,  while 
the  performance  of  the  anode-supported  cell  fluctuated  and  over¬ 
all  continued  to  degrade  over  the  24  h  test.  The  results  of  the 
impedance  (Figs.  5  and  6),  TPO  (Fig.  8)  and  SEM  (Fig.  9)  analysis  are 
consistent  with  carbon  deposition  causing  some,  if  not  all,  of  the 
degradation.  The  carbon  that  has  deposited  is  more  reactive  and 
contains  a  higher  H:C  ratio  on  the  electrolyte-supported  cell  than 
on  the  anode-supported  cell,  and  thus,  even  though  there  appears 
to  be  more  carbon  deposition  on  this  cell,  the  degradation  effect 
is  less.  In  contrast,  the  carbon  that  forms  on  the  anode-supported 
cell  is  less  reactive  (i.e.,  removed  at  a  higher  temperature  in  the 
TPO  analysis)  and  resulted  in  more  structural  damage  (Fig.  9g).  The 
oscillating  behaviour  of  the  anode-supported  cell  (Fig.  7)  may  be  a 
result  of  a  cycle  of  carbon  deposition  and  removal  due  to  leaks  in 
the  anode  compartment  of  the  cell. 

4.  Conclusions 

The  equilibrium  composition  was  calculated  as  a  function  of 
temperature  and  as  a  function  of  current  density  at  one  tem¬ 
perature  (1023  I<).  Electrolyte-and  anode-supported  Ni-YSZ/YSZ/Pt 
cells  were  characterized  and  tested  for  their  performance  with 
dry  methane  feeds  at  1023  K  using  operating  conditions  that  were 
within  the  region  in  which  solid  carbon  is  expected  at  equilib¬ 
rium.  A  higher  initial  OCV  and  power  density  were  obtained  on  the 
anode-supported  cells  but  these  cells  were  less  stable  and  suffered 
significant  structural  damage  from  carbon  formation  over  a  24  h 
galvanostatic  test.  The  difference  in  performance  was  attributed  to 
the  presence  of  a  conduction  layer  in  the  anode-supported  cells  that 
catalyzed  the  formation  of  hydrogen  such  that  the  partial  pressure 
of  hydrogen  at  the  TPB  was  higher  than  in  the  electrolyte-supported 
cell.  This  conduction  layer  also  catalyzed  carbon  deposition  that 
had  a  detrimental  impact  on  the  cells  because  the  carbon  destroyed 
the  structure  of  the  anode.  For  electrolyte-supported  cells,  the  car¬ 
bon  deposition  was  not  as  severe.  Differences  in  microstructure 
arose  from  the  different  preparation  techniques  (brush  painting 
versus  pressing  and  co-sintering)  and  also  may  have  influenced  the 
performance  of  the  cells. 
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